A long-term cell line (SHK-1) supporting replication of the causal virus of infectious salmon anaemia (ISA) has been established. The cell line was developed from a culture of Atlantic salmon (Salmo salar L.) head kidney cells. CPE was observed in SHK-1 cells 12-14 days after inoculation with ISA-infective tissue material. The time for CPE to develop decreased after repeated passages of medium from infected cell cultures to new cultures.
Introduction
Infectious salmon anaemia (ISA) is a contagious disease of farmed Atlantic salmon (Salmo salar L.) in Norway, and has a suggested viral aetiology (Thorud, 1991; Christie et al., 1991 ; Dannevig & Falk, 1994; Hovland et al., 1994) . The disease is characterized by severe anaemia, leucopenia, ascites, haemorrhagic liver necrosis and high mortality (Thorud, 1991; Evensen et al., 1991) . Replication of the virus in commonly available fish cell lines has not been demonstrated and specific antibodies against the aetiological agent are not available.
Experiments have shown that ISA can be transmitted by tissue material obtained from fish that have ISA (Dannevig et al., 1994a) . The transmission experiments demonstrated that the kidney was a major site of virus replication. Furthermore, ISA infectivity was also demonstrated in isolated head kidney leukocytes. In a recent report we showed that replication of the ISA virus may * Author for correspondence (mail should be sent to the Central Veterinary Laboratory address). Fax + 47 22 460034. occur in isolated Atlantic salmon leucocytes, such as adherent head kidney macrophages and mitogen-stimulated peripheral blood leukocytes, after in vitro infection (Dannevig & Falk, 1994) . The yield of virus was relatively low in these cell cultures and the susceptibility of salmon leukocytes to the ISA virus showed large variations (B. H. Dannevig, unpublished results) . Therefore, it was obvious that a cell line supporting replication of the ISA virus would be needed for the isolation and propagation of the virus. Recently, a long-term cell line (SHK-1) developed from Atlantic salmon head kidney, has been established in our laboratory. This cell line was examined for its ability to support replication of the ISA virus.
In this paper we report, for the first time, the successful isolation of the ISA virus in cell culture. Virus replication was demonstrated by means of transmission experiments and electron microscopy.
(FCS) and gentamicin from Gibco BRL; trypsin from Difco; polyethylene glycol 6000 from BDH; Nycodenz from Nycomed Pharma.
Primary cell culture. Cells were isolated from Atlantic salmon postsmolt (100 g) obtained from a commercial hatchery. The fish were kept in dechlorinated tap water at 4-8 °C and were fed commercial salmon pelleted food. The fish had been vaccinated against the common bacterial pathogens (Vibrio anguillarum, Vibrio salmonicida and Aeromonas salmonicida) before arrival at the laboratory.
Pieces of head kidney tissue were loosely teased and incubated for 15 min at room temperature with HEPES-buffered (20 mM, pH 7"4) saline (Smedsrud et al., 1984) containing collagenase (50 mg/ml).
Collagenase was used to obtain a higher yield of cells. Separation of single cell suspensions on discontinuous Percoll gradients was as described before (Dannevig et al., 1994b) . Cells banding at the interfaces of Percoll concentrations of 25 % and 42 %, of 42 % and 50 %, and of 50 % and 58 %, respectively, were collected and mixed. The cells were concentrated and washed by centrlfugation and resuspended in Leibovitz L-15 medium supplemented with FCS (5 %, v/v), gentamicin (50 lag/ml) and 2-mercaptoethanol (0.1 mM). Cells from three fish were included in the final cell suspension.
The cells were cultured at 20 °C in cell culture flasks (25 cm ~, Falcon Primaria, Becton Dickinson Labware) containing 7.5 x l0 s cetls/ml in a volume of 5 ml. Nonadherent cells were removed the next day by centrifugation of the cell culture medium. Half of the supernatant (medium) was returned back to the flasks together with an equal volume of fresh medium. Thereafter, half of the medium was replaced with fresh medium approximately once a week.
Subculturing of cells. The cells were subcultured approximately 6 months after isolation of the primary culture. Adherent cells were removed from growth surfaces with trypsin [0.05 %, w/v, trypsin, 0.02 %, w/v, EDTA in 0"01 M-phosphate-buffered saline (PBS)]. The cells were collected by centrifugation and resuspended in L15 medium with 5 % FCS (containing 1/3 of the medium from the original flask) and transferred to standard tissue culture flasks. In the first passage the cells from the primary cultures were transferred to an equal number of flasks. Thereafter, the culture split ratio was 1:2 with subculturing every 3-4 weeks for the next few passages. Subsequently, the cells could be subcultnred every 10-14 days at split ratios of 1:2 or higher when incubated at 20 °C. In the text the long-term cell line is referred to as salmon head kidney (SHK)-1.
Virus isolation
A tissue homogenate [10%, w/v, in Earle's balanced salt solution (EBSS)] of kidney tissue from experimentally ISA-infected Atlantic salmon was prepared as described before (Dannevig et al., 1993) and used as the cell culture inoculum. The experimentally infected salmon had been inoculated with tissue homogenate obtained from a natural outbreak of ISA (Dannevlg et al., 1993) .
Isolation of virus for transmission experiments.
SHK-1 cells (llth subculture in 25 cm ~ cell culture flasks) were inoculated 3 days after the last subculturing according to the following scheme. Cell culture medium was removed and 1 ml of ISA-mfective tissue homogenate diluted 1 : 3 with serum free L-15 medium was added to each flask. After incubation for 4 h at 15 °C, the inoculum was removed and 5 ml of medium with 5 % FCS was added. Inoculated cells were incubated at 15 °C until harvesting. In addition, cell cultures of ISA-inoculated cells and of non-inoculated cells (controls) were incubated for a prolonged period for observation of CPE.
At day 7 after primary inoculation, cell culture medium was passaged to newly subcultured SHK-1 cells, i.e. a 2nd passage of virus. From each flask, 0.5 ml of medium was removed, diluted 1:2 with serum-free L15-medium, and added to SHK-1 cells (12th subculture, 3 days after last subculturing) in a manner identical to that described for the primary inoculation.
Cell cultures were harvested at day 0 (immediately after inoculation), 3, 5, and 7 after primary inoculation. Cells that had received medium from primary inoculated cultures were harvested 7 days after the transfer of medium. The cells were scraped off with a plastic rubber. Cells and medium from two parallel flasks (approximately 10 ml) were mixed, and EBSS was added to a volume of 15 ml (termed undiluted in the following text) and a tenfold dilution was made. The preparations were stored and transported (see below) at -70 °C, and thawed in cold water immediately before injection into fish.
Isolation of virus for electron microscopy.
To obtain a high yield of virus particles for EM studies, medium from ISA-inoculated cell cultures was passaged six times in cultures of SILK-1 cells (12th to 16th subculture grown in 175cm 2 tissue culture flasks). The primary inoculum was from the same batch of ISA-infective tissue material as described above. In principle, the procedures for inoculation and passage of cell culture medium were also as described above. Medium was transferred at day 7 after each inoculation for the first two passages, thereafter at 3-4 days for the subsequent passages.
Virus transmission experiments.
The experiments were carried out at VESO Vikan AkvaVet, Namsos, Norway. Atlantic salmon parr (25 g) were obtained from a local hatchery and kept at 12 °C in fresh water and fed once a day with standard salmon pelleted food throughout the experimental period.
Each fish (40 fish per group) received an intraperitoneal injection of 0.25 ml of cell culture material either undiluted or in a 1 : 10 dilution. All groups were transferred to the same tank after injection. Mortality was recorded daily, and ISA was verified by post-mortem examination according to specified diagnostic criteria (Dannevig et al., 1993) .
Formalin-fixed liver preparations were examined for typical ISAinduced liver necrosis.
Virus purification. Cell culture medium (500 ml) from ISA-infected SHK-I cells (6th passage of virus) were cleared by low speed centnfugation. After addition of polyethylene glycol 6000 (70 g/l) and NaC1 (23.2 g/l) to the supernatant, the mixture was gently stirred at room temperature for 15 min, and thereafter incubated at 4 °C for 3 h. The precipitate was collected by centrifugation at 10000 r.p.m, for 45 min using a Sorvall GSA rotor and resuspended in 9 mITNE buffer (0.01 M-Tris-HC1, 0.001 M-EDTA, 0-1 M-NaC1, pH 7.2). Virus concentrate (3 ml) was layered onto discontinuous gradients made of Nycodenz with densities of 1.1 g/ml, 1.15g/ml and 1.25g/ml, respectively, using TNE buffer as diluent. The gradients were centrifuged in a Sorvall AH-629 rotor at 104200 g for 5 h. Material (3ml) banding at the interfaces of 1.15 g/ml and 1.25 g/ml was collected by puncturing the tube wall. The presence of ISA virus in this fraction has previously been demonstrated in transmission experiments in attempts to purify virus from infective tissue homogenate (K. Falk & B. H. Dannevlg, unpublished results). The collected material was diluted in TNE buffer and pelleted at 28000 r.p.m, for 2 h in a Sorvall AH-629 rotor and resuspended in 0.5 ml PBS.
Transmission electron microscopy
Thin sections. SHK-1 cells that had been inoculated 2 days previously with cell culture medium from a 6th passage of virus were prepared for electron microscopy. Fixative (2 % glutaraldehyde in 0"1 M-cacodylate buffer, pH 7.4) was gradually added over a 10 rain period to medium from the cell cultures. The cells were then incubated with fixative for 15 min before being carefully scraped off using a plastic rubber. The cells were pelleted by low speed centrifugation and kept in fixative overnight. They were further treated with a solution of 2 % osmium tetroxide and 1.5 % potassium ferrocyanide (in distilled water) for 1 h and thereafter with 1.5 % uranyl acetate (in distilled water). Following dehydration in a graded ethanol series, the cell pellet was embedded in Epon. This sections were examined in a Jeol 100 S electron microscope operated at 60 keV.
Negative staining. A purified virus preparation was obtained as described above. Droplets (5 gl) of the virus suspension were placed on carbon filmed grids and left for 1 rain, washed for 1 min in distilled water and stained with 0.5% sodium phosphotungstic acid (NaPT), pH 7.0 for another 1 min. The grids had previously been glow discharged in aar to facilitate spreading of both virus and stain. The specimens were examined in a Jeol 1010 electron microscope operated at 100 keV.
Examination for infectious pancreatic necrosis virus (IPNV). Medium from SHK-1 cell cultures inoculated with ISA-infective tissue material was tested for IPNV using a standard diagnostic cell culture method (Krogsrud et al., 1989) . of these cells and appearance of cells with an extremely flattened and elongated morphology. After several weeks in culture, an increase in the number of such cells was clearly seen, and after subculturing the cells retained this morphology. The cells grew individually with a random orientation, but almost confluent cultures had a fibroblast-like appearance. The cell cultures have, to date, been subcultured more than 30 times and have been kept in culture for more than a year. They grow at approximately equal rates at 15 °C and 20 °C, and they continue to grow after storage in liquid nitrogen.
Results

SHK-1 cells
The primary cultures of head kidney cells consisted of macrophage-like cells and showed no signs of proliferation. Long-term cultures resulted in a gradual loss
ISA-inoculated cells
SHK-1 cells were inoculated with ISA-infective material 3 days after the last subculturing to ensure that the cells were in a growth phase. The cells continued to grow until CPE was observed 12-14 days after inoculation (Fig.  l a) . The first sign of CPE was the appearance of vacuolated cells. Thereafter, an increased number of dead cells in the medium was observed followed by the loss of surface adherent cells. No changes could be seen in control cells (Fig. 1 b) 
or in cells inoculated with tissue homogenate from salmon not suffering from ISA (not shown)• CPE appeared earlier (approximately after 10 days) in cell cultures infected with a 2nd passage of virus (not shown). Following subsequent passages (4th and higher) of virus, CPE developed after 3-4 days. IPNV could not be isolated from the ISA-infected cell cultures showing CPE.
Virus transmission experiments
A significant ISA mortality occurred in experimental fish that had received injection of the different ISA-inoculated cell preparations (Fig. 2) . Fish injected with undiluted cell culture material harvested immediately after inoculation (day 0) showed a moderate cumulative mortality ( < 40 %), and mortality started later than for the other groups (Fig. 2a ). This ISA infectivity may represent virus adsorbed to the cells (internalized or bound to the plasma membrane) and/or virus adhering to the plastic surface of the cell culture flask. Injection of fish with undiluted cell cultures harvested at later times (3, 5 and 7 days) started to die earlier, i.e. a shift to the left of mortality curves was observed. The levels of cumulative mortality at the end of the experiment were similar for these groups. Injection of cell cultures harvested 7 days after a second passage of virus resulted in more rapid and also higher cumulative mortality (Fig.  2a) . Mortality curves of fish that received an injection of a 1:10 dilution of the cell culture preparation showed a shift to the right compared to those that received the undiluted preparation (Fig. 2b) . No mortality occurred after injection of diluted day 0 samples. Mortality unrelated to ISA was not observed during the experimental period.
E l e c t r o n m i c r o s c o p y
Electron micrographs of thin sections of infected cell cultures showed a large number of virus particles located extracellularly (Fig. 3a, b ). Connections between virus particles and the cell membrane could occasionally be observed (Fig. 3 c) . The diameter of the virus particles was 100-120 nm, they seemed to contain granules and an external envelope could clearly be seen. Virus particles were never seen in control cells. Electron micrographs of a negatively stained purified virus preparation are shown in Fig. 4 . The size of the virus particles varied from 45-140 nm in diameter, but the diameter of the majority of the particles was 130-140 nm. The shape of the virus particles was mostly round or oval (Fig. 4 a -c ) , and they were covered with surface projections about 10 nm in length. The projections seemed to have a knob-like thickening at the distal end which appeared as white dots when seen endon. Unpurified specimens from medium of an infected cell culture contained a few, large, highly pleomorphic Isolation of infectious salmon anaemia virus 1357 " . . . . . particles, which were dimension (Fig. 4d) . external envelope.
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up to 700 nm in their longest These particles had a distinct
Discussion
The present study describes the successful isolation of the aetiological agent of ISA in a long-term cell line established from head kidney of the Atlantic salmon. This study thus confirms the viral aetiology of ISA which has been suggested since the disease was first recognized nearly 10 years ago (Thorud, 1991) . Propagation of ISA virus in SHK-1 cells was verified by transmission studies and by electron microscopy of infected cell cultures. The course of ISA mortality after injection of infected cell cultures into experimental fish was dependent on the time at which the cell cultures were harvested, and the ISA infectivity of a 2nd passage of virus was clearly higher than the corresponding primary infected cultures. A tenfold dilution of the preparations resulted in a shift to the right of mortality curves. Previous transmission studies have demonstrated a similar effect on mortality curves after injection of tenfold dilutions of ISA-infective material (K. Falk & B. H. Dannevig, unpublished results) , supporting our conclusion that the observed differences in ISA mortality represent variations in infectivity of the injected preparations. Thus, the observed increase in ISA infectivity provided strong evidence for replication of the ISAinfective agent in SHK-1 cells. The decrease in time for development of CPE with increasing number of passages with infected medium also indicates viral replication.
The cells were inoculated with ISA tissue material from ISA-infected farmed salmon, and the observed CPE could be due to replication of IPNV present in this material. IPNV is widespread in Norwegian fish farms (Melby et al., 1991) and produces CPE in infected cells. However, IPNV could not be isolated from ISA-infected SHK-1 cell cultures used in the present study, making it unlikely that the observed CPE was due to replication of IPNV.
[A preliminary study has demonstrated that SHK-I cells do support growth of IPNV (B.H. Dannevig, unpublished results) .] The production of ISA virus after the primary infection as demonstrated by transmission experiments preceded the development of CPE by approximately 10 days. Thus, the initial release of ISA virus from the SHK-1 cells seemed not to produce CPE. Therefore, the production of ISA virus may cause a reduction in the capacity to maintain cellular machinery which appears as CPE after some time.
The virus particles observed in thin sections of infected SHK-1 cells are morphologically similar to those observed in tissues from experimentally ISA-infected Atlantic salmon (Hovland et al., 1994) , both with respect to size, presence of an envelope, and the content of granules. According to Hovland et al. (1994) , virus particles budding from the plasma membrane of endothelial cells of cardiac blood vessels were observed, as well as in intracellular vesicles in both endothelial cells and circulating leukocytes. In SHK-1 cells, virus particles were mainly located outside and in near contact with the cell surface. It is reasonable to assume that virus particles were released by budding from the plasma membrane of SHK-1 cells, since thin membrane connections between virus particles and the cell membrane could be demonstrated. Thus, there is good agreement between the mechanism of ISA-virus production in vivo and in vitro. In some SHK-1 cells, virus particles were also observed in intracellular vesicles (B. H. Dannevig, unpublished results) as Hovland et al. (1994) demonstrated in vivo. At present, it is difficult to determine whether these particles represented newly formed or internalized viruses.
Negatively stained preparations of purified specimens from infected cell cultures showed enveloped virus particles in abundance with typical surface projections. Though some variation in diameter was observed, the size of the majority of the particles was in agreement with those observed in thin sections. The large pleomorphic particles observed in unpurified specimens from infected cell cultures may represent a filamentous form of the virus. Similar structures are often seen in unpurified preparations of budding viruses, for example influenza virus (Madeley, 1972) .
The SILK-1 long-term cell line was originated from a culture of macrophage-like cells from Atlantic salmon head kidney. In previous reports we demonstrated that replication of ISA virus took place in salmon head kidney leukocytes in vivo (Dannevig et al., 1994a) and most probably also in head kidney macrophages and mitogen-stimulated blood leukocytes following in vitro infection (Dannevig & Falk, 1994) . However, the characterization of the SHK-1 cells is not yet completed.
Though preliminary enzyme cytochemical phenotyping shows similarities to salmon macrophages (B. H. Dannevig & C. McL. Press, unpublished results), SHK-1 cells do not have a macrophage-like appearance and only developed after several weeks in culture. The cells may have developed from either sinusoidal endothelial cells, stromal cells or reticular cells which may have been present, though in small numbers, in the primary macrophage culture. Endothelial cells may be a reasonable candidate as the ISA virus replicates to a high degree in blood vessel endothelial cells in vivo (Hovland et al., 1994) and head kidney sinusoidal cells of salmonid fishes have a high endocytic capacity (Dannevig et al., 1994b) , which may be of importance for the entry of virus into the cells. However, morphologically the SHK-1 cells are more akin to stromal cells that develop in longterm myelopoietic cultures from renal tissue of rainbow trout (Diago et al., 1993) . Furthermore, we do not know if the SHK-1 cell line consists of a homogeneous population of cells.
Nevertheless, the successful isolation of ISA virus in SHK-1 cells allows a more detailed characterization of the virus and production of purified virus antigen for formation of specific antibodies. Cell culture techniques and anti-ISA virus antibodies are essential for an improved diagnosis of ISA, for the detection of ISA virus in symptom-free carriers, and for study of the susceptibility of other fish species to the ISA virus.
